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5. 1 INTRODUCTION AND SUMMARY

This is volume five of a six volume set describing the results of a

study of the accuracy to which the trajectory parameters for the APOLLO

spacecraft can be determined from observations taken by ground based

radars and on-board optical equipment subject to random errors during

the free-flight trajectory phases. This work has been performed under

subcontract No. i0001 (Amendment No. 2) from Bellcomm Inc., to TRW

Space Technology Laboratories.

Specifically, this report deals with the analysis and presentation of

spacecraft reentry parameter uncertainties as a function of time during

transearth coast. This is essentially a self-contained report in that all

pertinent background material, input data, and assumptions are set forth;

however, additional information on the scope of the total study may be found

in Volume 1 (STL Report No. 8408-6040-RC-000) together with an exposi-

tion of appropriate statistical theory, a typical APOLLO Mission plan, and

a discussion of the computer programs used to obtain the results.

Comparative results, for various modes of tracking t_e spacecraft

-r_: in transearth orbit, are presented as fumct'_ ¢_f_l__h_ortant Orbital

parameters and tracking network characteristics. Uncertainties at reentry

' _,_ntime, latitude, longitude, velocity, flight path angle, and azimuth are

listed in the computer printout section of this report as covariance matrices

_'_h_ee pert[hen t times along the trajectory; first midcourse correction

_:'>........ _ location, second na'._ourse.._ correction locatton, and third midcourse cor-

rection location. The uncertainties in flight path angle, velocity and time

):.pi_ival at reentry are given in graphical form, showi_g the influence of

- __:_v_al orbital Parameters. The primary effects on accuracy that are

:., _-VY_%:_,.>.. .,:_:_........ are variations in lunar declination, trajectory flight time,

...._i"_.::___d__t_e location, orbit plane inclination with respect to the earth's

equator and the basic nature of the observation (i.e., whethe_by radar or

:.__rd optical device). .



Results presented in terms of these parameters, however, cannot

always be evaluated independently. Landing site, for example, is corre-

lated with the lunar declination at launch and conditions at reentry. Also

in the case of ground based radar tracking, variations in the trajectory

parameters are evaluated in terms of their effect _on station tracking vis-

ibility and tracking geometry.

Uncertainties at reentry using the optical tracker alone are compar-

able to DSIF tracking without range data after tracking to near the end of

the trajectory. Optical tracking is inferior while tracking during the earlier

portion of the trajectory. A combination of optical sightings and radar with-

out range information takes advantage of the best features of each, yielding

the lower uncertainty during the earlier portion of the trajectory due to

DSIF information and a noticeable drop at the end of the trajectory due to

the improvement in optical measurements near the earth. After tracking

to near the end of the trajectory combining optical sightings with radar

information without range data does not give rise to a significant improve-

ment over using optical or radar without range information alone. The

optical system is decidedly inferior to DSIF, however, if range data is

employed. With observations of the assumed type and error characteristics,

taken at the assumed rates_ the results show that transearth coast can be

determined approximately one hundred times more accurately with the

ground based radar network using combined range, range rate, azimuth,

and elevation data types than with the set of optical observations alone.

Typical comparative results for the 16 uncertainties in flight path

angle (_), velocity (V) and time of arrival (t) at reentry, with and without

the effects of midcourse corrections after tracking over the entire trajec-

tory, are presented below.
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Transearth Tracking Summary

Data

Type

DSIF

(range)

DSIF

(no range)

and Optical. _

DSIF

(no range)

Optical

Without Midcourse Correction With Midcourse Corrections

degrees

0.00027

0.011

0.021

0.021

I_V
fee_second

0.000012

0.0013

0.0017

0.0067

let
seconds

O. 0080

O. 29

O. 46

1.0

de_rees

0.0023

0.035.

O. 043

0.062

I_V
feet,/second

0.0053

0.012

0.017

O. 080

l_t
seconds

0.24

O. 80

0.90

2.1
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5.2 TRACKING SYSTEMS

5.2.1 Radar

The selected networks of tracking stations are referred to here as

Groups I, II, and III. Group I consists of those stations employing C-Band

radar while Groups II and III both employ S-Band radar (see Table 5.2-I).

Group I radar is limited to near earth coverage with a maximum range

of 13,000 nautical miles and is therefore not stressed in this analysis.

Possible applications of C-Band radar are discussed further in Section

5.5.5. Group II S-Band radars consist of Goldstone, Canberra, and Madrid

(see Table 5.2-I) while Group III consists of Goldstone, Canberra, and

Johannesburg. Assumed operating characteristics for S-Band radar in-

clude a data rate of one sample of all the observation quantities every two

minutes, a minimum elevation angle of 5 degrees, and a maximum range

of >Z50, 000 miles. Each station in a tracking group is assumed capable

of taking simultaneous measurements over periods of mutual observation.

5.2.2 Optical

For the transearthtrajectoryphase, on-board orbit determination

capability is to be provided by sextant (optical) measurements. Angular

information is obtained by the simultaneous sighting of a landmark, on

either the moon or the earth, and a star with the spacecraft itself forming

the vertex. The optimum star-spacecraft-landmark information is obtained

in a plane perpendicular to the landmark-spacecraft vector (see Volume i).

When two stars are employed, the universal optimum occurs when the

two stars are 90 degrees apart, yielding maximum information in a plane

perpendicular to the landmark-spacecraft vector. In this study the sub-

spacecraft point on the earth (or moon) was always used as the landmark

in conjunction with two hypothetical stars situated in the optimur_ manner.

A data rate of one observation of both stars every hour was assumed with

the first observation made at transearth injection.
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5.Z.3 Noise Model

For the S-Band radar, the RMS range error was taken as 100 feet,

while the RMS azimuth and elevation angle errors were assumed to be

0.02 degree (see Table 5.2-II). Observational noise was assumed to be

uncorrelated and unbiased.

For the optical angular measurements made on-board the space-

craft, an RMS sextant error of 10 arc seconds was used. Landmark

uncertainties of 1 mile at the earth and 1/2 mile at the moon were also

as sumed.

Possible error sources which are not accounted for in this

analysis include tracking station and star location uncertainties, other

data biases and correlations, uncertainties in geophysical and astrophysi-

cal constants such as the velocity of light, GM of the earth and moon,

earth gravitational potential harmonics, and atmospherical and ionospheric

refraction.

Table 5.2-1I. Base Point Radar Characteristics and Limitations

C-Band

Maximum Range (nmi) 2500 8500

Minimum Elevation

Angle (deg) 5 5 5

Samples Per Minute 10 10 10

RMS Range Error (ft) 45 45 45

RMS Azimuth Error (deg) 0.012 0.012 0.006

RMS Elevation

Error (deg) 0.012 0.012 0.006

RMS Range Rate
Error (ftTsec)

FPS- 16 S-Band

FPS- 16 (Mod) FPQ-6 DSIF

13, 000 >250,000

5

0.5

i00

0.02

0.02

0.5
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5.3 TRAJECTORY PARAMETERS

5.3. 1 Transearth Characteristics

The transearth free-flight phase is that part of the APOLLO

mission beginning immediately after transearth injection and ending with

the conditions required for safe earth reentry. Injection is from an

eighty nautical mile lunar orbit. Simulated midcourse AV corrective

impulses are applied at 10 and 48 hours following injection with a third

two hours prior to reentry.

5.3.2 Lunar Declination

The declination of the moon reaches its maximum value

(during alunar cycle) of 28°38 ' during 1968 (see Figure 5.3-1). As can

be noted from Figures 5.3-1 and 5.3-2, the lunar declination is a signifi-

cant parameter to be chosen for this orbit determination study as it dictates,

by virtue of launch date, the earth ground trace start, hence, the tracking

visibility periods for earth based radar tracking facilities during the early

portion of the trajectory. The effect of declination of the moon at trans-

earth injection was investigated during the interval of January 20 through

January ZT, February 3, and February I0. As canbe seen fr0m Figure 5.3-I,

the aforementioned launch dates approximately correspond to the minimum

(-28.Z degrees), null (0 degrees) and maximum (+28.Z degrees) lunar de-

clination. The lunar distance (Figure 5.3-4) varies from a minimum of

58 earth radii to a maximum of 63.5 earth radii during the period

investigated.

5.3.3 Trajectory Orbit Plane Inclination

In order to achieve a preselected earth landing site at either

San Antonio, Texas or Woomera, Australia with a free flight, orbital

transfer from the moon, the inclination of the trajectory plane with respect

to the earth's equator must be at least 30 degrees. During transearth

flight, the latter portion of the trajectory ground trace (see Figure 5.3-3)
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preceding atmospheric reentry, is observed to change direction and "plunge"

toward the earth's equator. The angle at which the ground trace approaches

the earth's equator is defined by the inclination of the trajectory plane and

in turn determines ground station visibility, hence, tracking constraints

over the periods noted. In this analysis, inclinations of 30, 40 and 50 de-

grees are investigated and evaluated in terms of orbital tracking constraints.

5.3.4 Landin_ Site

Typical reentry conditions include a 96.4 degree flight path

angle at 400,000 feet above the earth's surface with preliminary landing

sites at either San Antonio, Texas or Woomera, Australia. As can be

noted from Figures 5.3-1 and 5.3-2, the hemisphere in which landing is

effected is determined by the declination of the moon (usually in the

hemisphere opposite injection) at transearth injection. Also to be noted

from Section 5.3.2, the lunar declination is negative on the January 27,

1968 launch date, thus requiring a landing site in the northern hemisphere.

Similarly alanding site in the southern hemisphere is selected for a

launch on February 10, 1968. For a launch on February 3, 1968 the lunar

declination is zero (i.e., at apoint intersecting the equator of the earth)

thus landing sites in either hemisphere are acceptable. ]By the above

criteria, San Antonio, Texas was chosen as the designated landing site

for the January 27 launch date, Woomera, Australia was chosen as the

designated landing site for the February i0 launch date and both San

Antonio and Woomera were investigated for the February 3 launch date.

5.3.5 Time of Fli_ht

The injection velocity and the lunar distance translate into

return trip time. By launching on a given date (January g7, February 3,

and February i0) the lunar distance is fixed. Thus variations in trip time

are obtained as a consequence of variations in injection velocity. For

tracking purposes, specific flight times are more indicative of trends than

specific injection velocities, therefore, representative return times of

60 hours, 75 hours, and 90 hours were selected for this analysis. The
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importance of flight time variation is noted in the number of observations

which can be taken, at a fixed rate, over the trajectory. This is particu-

larly true for the on-board optical tracking simulation. Also, contributions

to tracking uncertainty due to the variation in trajectory behavior near the

earth and the moon can be observed through this parameter.
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5.4 TRACKING SIMULATION

Tracking was simulated for four observation types: Group I radar,

G/'oup II radar, Group Ill radar and Optical. Group I radar is useful only

in the near earth situation and is discussed further in Section 5.5.

Group II tracking employed stations at Goldstone, California;

Canberra, Australia; and Madrid, Spain. Group Ill tracking employed

stations at Goldstone, California; Canberra, Australia; and Johannesburg,

South Africa. Range, range rate, azimuth and elevation data types were

taken at the rate of one every two minutes throughout transearth coast.

With this information, covariance matrices of tracking accuracy were

generated and then propagated to reentry. Uncertainties of I0 kilometers

and I0 meters per second along the three inertial directions were used as

a priori transearth injection information. These values are quite large in

comparison to actual operational values and in terms of a tracking analysis

can be regarded as equivalent to having no a priori information, thus

making the results somewhat conservative.

Using radar tracking, two cases were studied: with range information

and without range information. Where range information was not employed,

uncertainties at reentry are based on information obtained by combined

range rate, azimuth and elevation data types. Where range data was

employed, uncertainties at reentry are based on all four available data

types.

A1so_ it was assumed that ground based DSIF radar stations were

capable of simultaneous data reception during mutual viewing periods.

Since range and range rate measurements involve two-way transmissions,

or accurate synchronization between the receiving ground stations, the

assumed simultaneous measurement of range and range rate is optimistic

from an operational standpoint. It will be noted later, however, that

sharp drops in predicted uncertainties occur where station visibility

regions are on the verge of overlapping, as well as cases where mutual

viewing periods actually occur. This implies that the improvement in
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predicted uncertainties to be gained from s_ation overlapping (see

Volume6, Triangulation) is not due to an additional quantity of observations

alone, as might at first be suspected, but also from the fact that infor-

mation from a new geometrical orientation to the orbit is gained. Hence,

from an orbit determination standpoint, the need for multiple transponders

may be questionable and the results presented are not necessarily optimistic

if the simultaneous sightings are assumed.

The use of on-board optical data for the determination of tracking

accuracy parameters was simulated by on-board angular measurements

to two landmarks and four stars simultaneously at the rate of one ob-

servation per hour. The two landmarks are the spacecraft sub-points on

both the earth and the moon, each associated with two stars 90 degrees

apart which yield information in a plane perpendicular to the spacecraft-

landmark vector (see Figure 5.4-1). This scheme yields the maximum

obtainable information for the on-board optical determination of the trans-

earth orbit and is discussed in more detail in Volume 1. The accuracy of

the sextant was assumed to be 10 arc seconds with landmark uncertainties

of 1 mile at the earth and 1/Z mile at the moon.
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5. 5 PRESENTATION AND DISCUSSION OF RESULTS

The primary goal of the APOLLO mission is to land astronauts on

the moon and return them safely to earth. The objective of the transearth

phase deals with thelatter, ending with the conditions required for a safe

atmospheric reentry. The reentry conditions, together with a set of accept-

able error tolerances, are yet to be specified. It is not the purpose nor the

intent of this study to attempt to define any such set of acceptable standards

but rather to illustrate those uncertainties in reentry conditions which could

reasonably exist over a range of important orbital parameters and tracking

network characteristics.

5. 5. I Description of Coordinate Systems and Covariance Matrices

The two principal coordinate systems which are considered

in this analysis are the earth-centered inertial Cartesian and the polar

reentry coordinate systems. Uncertainties in the earth-centered inertial

Cartesian coordinate system are presented in the form of covariance

matrices in the final section of this report while uncertainties in the polar

reentry uooi-dinate system are presented in both graphical and mat/_ix

form. Both systems are illustrated in Figure 5.5-I where_is the direc-

tion of the vernal equinox. At reentry, the measured parameters are

longitude (k), latitude (_6), flight path angle (_), azimuth (A), geocentric

distance (r) and velocity magnitude (V). In this analysis, reentry altitude
J

is fixed at 400,000 feet above the earth's surface and uncertainties in

measured at this altitude, thus defining an entry corridor. However, since

reentry altitude is taken as fixed, the geocentric distance parameter, r,

is not variable and is replaced by time-of flight to the fixed reentry altitude.

Therefore, the six parametersofthe polar reentry system are k, ¢, _, -4,

V, and time-of-flight (t) to the fixed reentry altitude. Since errors in

k, ¢, and A are small and not critical to effecting a safe reentry, uncer-

tainties in _, V, and t are stressed in evaluating variations in the impory

rant orbital parameters and tracking network characteristics.
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The covariance matrix, E(X -u) (X - u) of tracking uncel ....

tai'in.ties in the state vector, X, is a 6x6 array containing the variances,

E(X. - u.) 2 of the six elements of the state vector along the main diagonal
l 1 '

and the covariafl'ces, E(X i - u i) (Xj - uj), as the nondiagonal elements.

Th|_t_ncertaxnty is computed in the earth-centered inertial Cartesian

coordinate system (see Figure 5. 5-1) at epoch, and the uncertainties are

then propagated to reentry. In the final section of this document, the

actual covariance matrices at three pertinent times along the trajectory

(first, second, and third midcourse correction location) are presented in

both the polar reentry and earth-centered inertial Cartesian coordinate

systems.

5.5.2 Ground Based Radar Tracking

The accuracy to which an orbit can be determined using ground

based radar tracking facilities is strongly dependent upon the tracking

visibility for the various stations and the tracking geometry. When eval-

uating the uncertainties at reentry due to tracking in terms of transearth

trajectory characteristics, it must be remembered that these character-

[stics must in turn be evaluated in terms of their effect on the tracking

situation.

" : ): _ Uncertainties at reentry in flight path angle ([3), velocity (V)

and time of arrival (t) as a function of time from injection together with

tracking visibility periods for the various tracking stations are presented

in Figures 5.5-3 thru 5. 5-10. For those cases where range, range rate,

azimuth and elevation data types are combined, sharp drops in predicted

uncertainties are noted in their histories. These decreases are associated

with the times at which the spacecraft becomes visible to a different

tracking station. At these times, data taken by the second station provides

position and velocity information in a direction where larger uncertainties

previously existed. This effect, termed triangulation, results in a pro-

nounced improvement in the predicted uncertainties when range data are
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employed due to the relatively small error with which a range measurement
is made. Without range data the improvement in predicted uncertainties is

considerably less pronounced due to the relatively large errors associated

with angular measurements. A secondary effect, associated with the times

during which the spacecraft is visible to more than one station, results

simply from an increase in available data. Triangulation can be better

understood from the following discus sion.

When a range measurement is taken by a single station, infor-

mation along the station-spacecraft line of sight only is obtained and no

information is gained perpendicular to this direction. In Figure 5.5-2,

AT and BS represent station-spacecraft lines of sight and CE and DF

represent directions perpendicular to the station-spacecraft lines. If

either station is tracking alone, information only along AT or BS is gained.

If Station A and Station B simultaneously view the spacecraft, information

along both AT and BS is available and information perpendicular to one

station's line of sight is provided by the second station. Schematically,

Station A's blind direction, CE, now has information from the projection

G of BS. Likewise, Station B's blind direction, DF, has gained informa-

tion from the projection J of AT. This formof tracking geometry enhances

the orbit prediction capabilities of either station alone and sharp drops are

noted along the history of uncertainty. For a further discussion of triangu-

lation, refer to Volume 6.

The I_ uncertainties at reentry in _, V and t as a function

of the trajectoryparameters using Group IIradar informationwith range,

range rate, azimuth, and elevation data types and no midcourse corrections

are listed in Table 5.5-I. Variations in _, V, and t of approximately

0.0003 degree, 0.0001 foot per second and 0.003 second respectively are

noted after tracking over the total time of flight. From an operational

standpoint the indicated uncertainties would correspond to 3(r values of

approximately 0.001 degree in flight path angle, 0.0003 foot per second

in reentry velocity and 0. 01 second in time of reentry.
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If range data are not_ available and only range rate, azimuth

and elevation measurements taken, the predicted uncertainties in _, V,

and t are degraded by approximately two orders of magnitude (see Figure

5.5-II). .Also to be noted in Figure 5.5-11 is that when range data are

absent, the abrupt drops that were present are no longer observed. From

the indicated uncertainties, ground based radar without range information

yields 3_ values of approximately 0. 1 degree in flight path angle, 0.03 foQt

per second in reentry velocity and 3.0 seconds in time of reentry.

The effect of changing station grouping is presented in

Figure 5. 5-12. Group II and Group IIItracking are compared for a typical

transearth trajectory using radar with range data. To be noted are the

location of the drops along the illustrated time history profiles for the two

station groupings and the association of overlapping or near overlapping

station coverage with the observed drops. The importance of station

visibility periods and radar (with range) tracking geometry is well illu_

strated by this figure in that differences in measured uncertainties are

observed between the curves for the two tracking groups at specific times

along the trajectory. Uncertainties at reentry, however, are comparable

after tracking to near the end of the trajectory.

5. 5.3 On-Board Optical Tracking

The accuracy to which a transearth orbit can be determined

using only onboard optical tracking is reflected in Table 5. 5-11. In con-

trast to the radar tracking problem, the results for optical tracking are

not appreciably influenced by the transearth orbit geometry. Consequently,

the tracking interval is the major parameter that needs to be considered

in evaluating the capability of the optical tracker. For those trajectories

with 60 hour flight times, I_ uncertainties in _ of approximately 0.02

degree at reentry are noted. If the flight time is increased to 75 and

90 hours, the I_ uncertainty in _ drops to approximately 0.017 and 0. 015

degree respectively Similar trends would also be noticed, however, if

flight time was held constant and the sampling rates allowed to increase
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over a given trajectory. The individual optical time history profiles for

trajectories I through 8 are presented in Figures 5. 5-13 through 5.5-20.

For the optical tracking mode, the slopes of the uncertainty profiles are

steeper near the beinning and end of the trajectory. This is due to the

relative nearness of the spacecraft to the observed bodies and is also a

function of the curvature of the trajectory near the observed body. A

sextant accuracy of I0 seconds of arc was assumed with landmark uncer-

tainties on the moon and the earth of one half and one nautical mile respec-

tively. With landmark uncertainties of this size and a sextant accuracy

of the assumed level, the landmark error dominates the optical sightings

for the first three to four hours following transearth injection and pre-

ceding atmospheric reentry wl%ile the sextant error in sighting the land-

mark dominates during the remaining portion of the return trajectory.

Typical 3_ values of 0.06 degree in reentry _, 0. 1 foot per second in V

at reentry and 3 seconds in time of reentry are noted for the optical mode.

These values are approximately a factor of i00 poorer than those observed

for radar with range tracking and are comparable to radar tracking with-

out range.

A final point to note in evaluating the optical tracker is the

sun-spacecraft-earth and sun-spacecraft-moon angles as a function of

time along the trajectory. A tentative system requirement is that the angle

between the sun and sighted landmark on either the earth or the moon be

less than 15 degrees. As can be seen from Figures 5. 5-21 through 5. 5-23

this requirement is violated on both the 27 January and I0 February 1968

:: launch dates. This implie: s a systems procedure modification as to the

_-_grouping of the optical sigh_:ings'_ver the transearth trajectory for the

_' _forementioned launch dates or" _hardware modification which would

enable sightings to be made w'it_ sun-spacecraft-landmark angles less

:a,_:,. than 15 degrees. It should be:.._en_phasized that these angles are determined

< principally by the calendar date_ of injection and cycle with the lunar month.



g.I

Z

L,J
Z
:::)
O
Z

U
<
,-w
I-

b

103

8

6

2

102

8

6

4

2

10!

8

6

4

100

8

6

2

10"1

8

6

4

2

10.2

Page-56-

I

a-/3 (DEGREES)

0 10

.... 4-. -i..[ '_

.

,, &

2O 3O -40 5O 6O

TIME FROM INJECTION- HOURS

Figure 5.5-13 (a). Trajectory No. I - l_r Tracking Uncertainties vs
Time,On-board Optical Tracking Onl 7 - No

Midcou r s e



Page -57-

103

w

I--

Z
<
I--
t-f
_J
u
Z

o
Z
v

U

<

I--

b

2

102

8

cr V (FEET/SECOND) -,
............ I

101

8

6

4

2

100

IO 20 30 40 50 60

2

i0-I

8

6

4

2

10 -2
0

TIME FROM INJECTION - HOURS

Figure 5.5-13 (b). Trajectory No. 1 - 1_ Tracking Uncertainties vs
Time,On-board Optical Tracking Only - No

Midcour se



Page -58-

I04
8

6

103

8

6

--. 102
I--

z e
6

u
Z 4

0
z

2

b 10I

-- 8

2

100

8

6

4

2

10"i

\

I

cr t (SECONDS)

J /,

0

Figure 5.5-13 (c).

10 20 30 40 50 60

TIME FROM' INJECTION '-HOURS

Trajectory No. ] - 1_ Tracking Uncertainties vs
Time,On-board Optical Tracking Only - No

Midcours e

, . ?



t_
M.I
w
k--

Z

F-

u
Z

O
Z
v

u

b

Page -59-

102

8

6

101

8

6

4

2

100

8

6

2

10-I

8

6

4

10-2

8

"6

4

2

10-3

0

\

I

a'fl (DEGREES)
t

Figure 5.5-14 (a).

TIME FROM INJECTION - HOURS

Trajectory No. Z - Tracking Uncertainties vs Time,

On-board Optical Tracking Only - No Midcourse

IO 20 30 40 50 60 70 80



Page -60-

102

m
I-

Z
m

U_

u
Z
D
O
Z
m

u
<
l--

b

1
I0

8

6

100

8

6

4

2

10-I

8.

6

4

10-2

8

6

10"3 0-.

- cr v(FEET./_ECO ND)---

\

10 20 30 40 50 60 70 80

Figure 5.5-14 (b).

TIME FROM INJECTION - HOURS

Trajectory No. Z - Tracking Uncertainties vs Time,
On-board Optical Tracking Only - No Midcourse



Page - 61-

k-

Z
<
k-

o
Z
D

O
Z

<
0-

b

104

8 '

6

4

2

103

8

6

4

102

8

6

4

2

101

8

6

100

8

6

t0
0

\

,I a- t (SE(_ONDS)

I ...........................................

10 20 _, 40 50 60 70 80

Figure 5.5-14 (c).

TIME FROM INJECTION - HOURS

Traj-ectory No. Z - Tracking Uncertainties vs Time,

On-board Optical Tracking Only - No Midcourse



Page -6Z-

<

_LJ
u
z

o
z
v
u
,<

b

io2
B

101
8

6

4

i0"I

8

i0 "2
8

6

2

10-3
0

1

J....

i,.

...._'(f:EE'r,'sEco_D!;'

Figure 5.5,.15 (a) Trajectory .No° 3 - Tracking Uncertainties vs Time,

On-board Optical Tracking Only - No Midcourse



Page -63-

i0 2
8

6

4

2

10 I
8

6

4

crV

0
Z

2

6

10-2
8

6

4

2

10"_ 0

! !

(FEET/SECOND)
1

b

10 20 30 40 50 60 70 80 90

TIME FROM INJECTION - HOURS

Figure 5.5-15 (b). Trajectory No. 3 - Tracking Uncertainties vs Time,
On-board Optical Tracking Only - No Midcourse



Page -64-

104

Z
m

_e
_J
u
Z

O
Z

l-

b

103

8

6

102

8

6

10 I

8

6

100
8

6

i0"I

I

a't
f

(SECONDS/

I

I0 20 30 40 50 60 70 80 9O

TIME FROM INJECTION - HOURS

Figure 5.5-15 (c) Trajectory No, 3 - Tracking Uncertainties vs Time,
One-.board Optical Tracking Only - No Midcourse



102

8

6

4 -

2

101

8

6

4

2

6

4 " i

2

I0 "2

8

6

4

2

10-3
0

ua'_ 100

Z 4

_ 2

- 8

Page -65-

|

\
\
\
\

I

o- ,8 (DEGREES)

10 2O 3O 4O 5O 6O

TIME FROM INJECTION - HOURS

Figure 5.5-16 (a). Trajectory No. 4 - Tracking Uncertainties
vs Time, On-board Optical Tracking Only -

No Midcours e



103 -
Page -66-

2

102

8

6

4

u.,_ 10I
I-.

z_ 8
<
,,. 6
u
Z 4

0
_z
_ 2
<

b I00

- 8

10-i

8

6

!0 -2

o" V (FEEL/SECOND)
I

\

0 10 20 30 40 50 60

TIME FROM INJECTION - HOURS

Figure 5.5-16 (b). Trajectory No. 4 - Tracking Uncertainties

vs Time, On-board Optical Tracking Only -

No Midcourse



8

6

4

103

8

6

102
I-

Z 8

P- 6

0
z_ 2

b 101
- 8

2

100

8

6

4

10-1

!

o" t (SECONDS)

Page-67-

0 10 2O 30 40

TIME FROM INJECTION - HOURS

50 6O

Figure 5.5-_'6 (c). Trajectory No. 4 - Tracking Uncertainties
vs Time, On-board Optical Tracking Only -
No Midcourse



Z
3
0
Z

b

10_

0

i

4

|

0
6

4

100

8

6

4

2

io-1

6

4

Page -68-

i ............

@

0-8 (DEGREES)
I

\

10-2

8

6

10-3
0 10

Figure 5.5-17 (a).

h ....

2O 3O 4O 50 60

TIME FROM'INJECTION -HOURS

Trajectory No. 5 -. Tracking Uncertainties
vs Time, On-board Optical Tracking Only -
No Midcourse



I01_

Page -69-

8

6

4

100

8

6

2

__ 10-I

8
6

z 4

b 10-2

-- 8

4

2

10-3

8

6

2

0

I

a" V (FEET/SECOND)

\

10 20 30 40 50 6O

TIME FROM INJECTION - HOURS

Figure 5.5_17 (b). Trajectory No. 5 _ Tracking Uncertainties
vs Time, On-board Optical Tracking Only -
No Midcourse



ual
m
b-

Z
m

l--

Z

O
Z
v

u

b

104`

8

6

2

103

8

6

4

102

8

6

4

2

101

8

6

2

100

8

6

4

2

10-1
0

Page -70-

or t (SECONDS)

i

10 2O 30 4O 50 6O

TIME FROM INJECTION - HOURS

Figure 5.5-17 (c). Trajectory No. 5 - Tracking Uncertainties

vs Tirn£,On-board Optical Tracking Onl 7 -
,No Midcourse



102

8

6

I

a-8 (DEGREES),,

Page -71-

101

100

8

z 4
zo

b 10"1
'- 8

10-2

8

6

i"

10 2O 3O 4O 50

TIME FROM INJECTION - HOURS

6O

Figure 5.5-18 (a). Trajectory No. 6 = Tracking Uncertainties
vs Time, On-board Optical Tracking Only -
No Midcourse



Page - 72-

crv (FEET/SECOND)

¢-,

2

101

-8 1
6

2

_ I00

i: \
Z

0
z_

b

4

2

10"I

8

6

4

2

!0"2
8

6'

4

0

\

I0 2o 3o 4O 5O 6O

t i/_ E-I_ROM-I_l-JEci'|0-_---- J-iOORS

Figure 5.5-1.8 (b). T_aj_ctory No. 6 - Tracking Uncertainties
vs T:i.rne, On-board Optical Tracking Only -
No Mid.r.ourse



104

Page -73-

IH

Z
<

u
Z
D
O
Z
v

u
<
,v

b

2

103

8

6

4

2

102

8

6

4

101

8

6

2

10o

8

6

4

2

-I
I0

0

Figure 5.5_18 (c).

o"t (SECONDS)

4O10 20 30 50 60

TIME FROM INJECTION - HOURS

Trajectory No. 6 - Tracking Uncertainties
vs Time, On-board Optical Tracking Only -
No Midcourse



Page -74-
10 2

2

101

8

6

4

100

8

4

0
z 2
v

U

10"1

b 6

6

10"2

8

6

2

10-3
0

i

o'8 (DEGREES)
.... |

I0 2O 3O 40

TIME FROM iNJEcTION ' HOURS

50 6O

Figure 5.5-19 (a). TrajectoryNo. 7 - Tracking Uncertainties

vs Time, On-board Optical Tracking Only -
No Miclcourse



102

Page -75-

Lu
N

Z
<

UJ
u
Z

O
Z

<

b

2

101

8

6

4

100

8

6

2

10"1

8

6

4

2

10-2

8

6

4

2

10.3

i

O-v(FEET/SECOND )

,

Figure 5.5_19 (b).

10 20 30 40 50

TIME FROM INJECTION - HOURS

Trajectory No. 7 - Tracking Uncertainties

vs Time, On-board Optical Tracking Only -
No Midcourse

6O



,A,
m

Z

u
Z
_D
O
Z
m

u

P_
I--

b

10

8

6

2

103

8

6

4

102

8

6

4

2

iO I

6

4

_t (SECONDS).
I

Page -76-

\

100

10-1
0 10 20 30 40 50

TIME FROM INJECTION - HOURS

60

Figure 5.5-19(c). Trajectory No. 7 - Tracking Uncertainties
vs Time, One-board Optical Tracking Only-
No Midcourse



Z
<

u
z

0
Z
m

u
<

b

io 2
_ ....

81

,l.6:

4

2

1
10

8

6

4

2

100

8

6

2

10-!

8

6

4

2

10-2

8

6

4

2

10-3

Page -77-

\

I

cr/9 (DEGREES)
I

\

IO 20 30 40 50

TIME FROM INJECTION - HOURS

6O

Figure 5.5_Z0 (a). Trajectory No. 8 - Tracking Uncertainties
vs Time, On-board Optical Tracking Only -
No Midcourse



U,.I

I--

Z

,.v

Z

O
Z

I--.

b

103

8

6

2

102 I

8

6

4

2 1

:/
10

2

100

8

I

a"v (FEET/SECOND)
I

Page -78-

6

4

2

10-1

8

6

4

2

10-2

0 10 20 30 40 50 60

TIME FROM INJECTION - HOURS

Figure 5.5-?.0 (b). Trajectory No. 8 - Tracking Uncertainties
vs Time.On-board Optical Tracking Only -
No Midcourse



t_
LU

z

j--

ku
u
Z

O
Z
v

u

b

104

8

6

2

103

8

6

4

102

8

6

4

2

lOI

8

6

4

Page - 79-

I

a"t (SECONDS)

100

8

6

4

2

i0-I

10 20 30 40 50

TiME FROM INJECTION - HOURS

6O

Figure 5.5_Z0 (c). Trajectory No. 8 _ Tracking Uncertainties

vs TimesOn-board Optical Tmacking Only

No Midcours e



Page - 80-

180

160

100

80

4O

I

2O

0

0 10 20 30 ' 40

TIME FROM INJECTION " (HR)

5O

Figure 5.5-21. Sun -Spac ec raft-Landmark Angle s
for Z7 January 1968 Transearth

Launch



Page -81-

60

[,'igure 5.5-ZZ. Sun-Spac e c raft -Landlnark Angle s

for 3 February 1968 Transearth
Launch



Page - 82-

O
UJ

£3
v

UJ
.J

O
Z
<

hz

<

c_
Z
<
J

!

F'-

U-

<

U
,,I

U
<

I

Z

U'%

180

160

140

120

tO0

8O

60

4O

SUN

TIME FROM INJECTION --, (HR)

• - .; ,,_i.i
'7 -"_ :' "; " :_ "

•. ':_,_j. ,

,%.

Figure 5.5-Z3. Sun-Spacec raft-Landmark Angles

forl0 February 1968 Transearth

Launch



Page -83-

v

/.

5. 5.4 Combined Tracking Systems

In light of the comparison between radar and optical tracking

modes a logical consideration would be the possibility of combining optical

sightings with earth based radar information. If on-board optical informa-

tion is combined with radar information consisting of range, range rate,

azimuth and elevation data, no noticeable improvement is observed over

using the radar data alone. If range data is not available, however, an im-

provement in the predicted uncertainties (see Figure 5.5-24) over using

radar without range or on-board optical information alone is noted. A com-

bination of optical and radar without range data takes advantage of the best

features of each, yielding the lower uncertainties during the early portion

of the trajectory due to DSIF information and an improvement near the end

of the trajectory due to the improvement in optical sightings near the earth.

It is important to note in Figure 5.5-Z4 that, although the combined tracking

system improves the predicted uncertainties by approximately a factor of

i0 during the early portion of the trajectory, the uncertainties near the end

are similar to those uncertainties obtained by optical or radar without range

tracking alone.

5.5.5 Midcourse Simulation

Midcourse corrective impulses were simulated at i0 and 48

hours after injection and two hours prior to reentry for a typical transearth

trajectory. Tracking through a midcourse maneuver was simulated by re-

taining the spacecraft position information in the three respective inertial

Cartesian directions and degrading the velocity information to 0.1 meter

per second in the remaining three inertial velocity directions. The uncer-

tanties at reentry inS, V and t are presented in Figures 5.5-25 through

5.5-28 for Group II radar tracking with and without range information,

on-board optical sightings, and on-board optical sightings combined with

ground based radar information without range. Following the three mid-

course simulations, uncertainties at reentry in 6, V, and t are noted to be

comparable for the several tracking schemes. This is primarily due to
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the contribution of the 0. I meter per second degradation in the three inertial

velocity directions at the third correction which tends to make the position

information less useful, thus, resulting in similar uncertainties at reentry

for the different tracking modes.

At this point it is important to note the availability of C-Band

radar (Group I) tracking. During the final phase of the transearth orbit,

the spacecraft becomes visible to the earth based C-Band radar tracking

net (see Table 5. g-ll) shortly after the third correction time. If C-Band

radar is employed in conjunction with DSIF tracking, following the third

midcourse correction, uncertainties at reentry then become comparable

to thos_ cases where no midcourses were applied and radar tracking with

range Was employed. This results in approximately an order of magnitude

improvement over the uncertainties at reentry which are observed when

corrections are made and the C-Band radar is not employed.
P

From an operational standpoint it is of interest to note Fig-

ure 5.5-25. If radar with range information is employed and midcourse

corrections made, the optimum times of the corrections might be at the

outset of a multiple station viewing period from the point of view of taking

advantage of the improvement in reentry uncertainties due to triangulation

effects. An alternative might be the scheduling of a midcourse correction

near the end of a series of triangulation measurements to take advantage

of an improved knowledge of the orbit before the correction is made. Defi-

nite conclusions regarding the placement of midcourse corrections, how-

ever, cannot be made until all the factors influencing transearth orbit sys-

tems designs and requirements are investigated and a midcourse optimizing

criterion established°
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5.6 CONC LUSlONS

The following conclusions may be drawn from the results presented

in the previous sections. It should be emphasized that these conclusions

are influenced by the assumptions on which this study is based. The scope

of this study is such that certain classes of error sources have not been

considered.

It must be stressed that any apparent sensitivity of radar tracking

accuracy to the trajectory parameters should in turn be evaluated in terms

of their effect on the tracking observations. The basic parameters involved

in evaluating ground based radar orbit determination accuracy, especially

when range information is employed is station visibility and tracking

geometry (triangulation).

The uncertainties at reentry associated with radar tracking only

can be characterized by the following:

a) Lunar declination at launch influences the tracking _

coverage over the early portion of the trajectory. Also

associated with lunar declination is landing site selection,

usually in the hemisphere opposite to injection.

b) The trajectory plane inclination to the earth's equator

influences the tracking coverage over the latter portion

of the trajectory.

c)

d)

e)

Uncertainties at reentry are similar for Group II tracking

and Group III tracking after tracking to near the end of the :::

trajectory. , .

Predicted uncertainties at reentry based on radar with

range information improve rapidly when the spacecraft

transfers from the visibility of one tracking station to

the visibility of another. This effect, termed triangulation,

is considerably less pronounced when range data are not

available since _angular measurements are relatively less
accurate.

Data rates may be reduced over regions where {,he uncertainties

show slight variation when range information is employed

without seriously affecting the uncertainties at reentry.

:.y:

f) C-Band radar tracking is highly beneficial over the last

hours of the trajectory and can yield uncertainties at reentry

comparable to DSIF tracking with range.
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_-_ K_ _

The uncertainties at reentry associated with optical tracking onl.___y

can be characterized by the following:

a) Uncertainties at reentry are sensitive to flight time since,

for a fixed data rate, the amount of data available is

proportional to flight time.

b) Greater rates of improvement in the predicted uncertainties

at reentry are obtained near the moon and the earth due to

sextant/landmark resolution and trajectory shape.

c) Predicted uncertainties at reentry are larger for the optical

tracker than for alternate tracking modes.

The uncertainties at reentry may be improved somewhat by grouping

optical sightings at the ends of the trajectory when meas.urement accuracy

is the best. It should be remembered however, that the results presented

for the optical tracking mode represent an upper bound to the accuracy

which can be obtained using a system with the assumed sextant accuracy,

sampling rate and landmark error.

Uncertainties at reentry using the optical system alone are compara-

ble to DSIF without range data after tracking to near the end of the tra-

jectory, but are inferior while tracking during the earlier portion of the

trajectory. A combination of these two systems takes advantage of the

best features of each, yielding the lower uncertainty during the earlier

portion of the trajectory due to DSIF information and a noticeable drop at

the end of the trajectory due to the improvement in optical measurements

near the earth. The optical system is decidedly inferior to DSIF, however,

if range data are available. Combining optical sightings with radar infor-

n_ation using range rate, azimuth and elevation data types does not give

rise to a significant improvement in the uncertainties at reentry after track-

ing to near the end of the trajectory.

In summary, Table 5.6-1 presents the 10- uncertainties in flight path

angle (_), velocity (V), and time of arrival (t) at reentry with and without

the effects of midcourse corrections. Values presented are measured at

reentry for a typical trajectory.
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Table 5.6-i. Transearth Tracking Summary

Data

Type

DSIF (range)

DSIF (no

range) and

Optical

DSIF

(no range)

Optical

Without Midcourse Correction

deg

0.00027

0.011

0.021

O. OZl

IcV

ft/s ec

O.O0001Z

0.0013

0.0017

0.0067

Io- t

sec

0.0080

O. Z9

0.46

1.0

With Midcourse Corrections

lo" 13

deg

O.OOZ3

0.035

0.043

1¢ V

ftlsec

0.0053

O. OlZ

0.017

O. 080O.06Z

I¢ t

sec

0. Z4

0.80

0.90

2. I
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COVARIANCE MATRIX LISTING

This section of the volume contains a listing of the covariance matrices

of tracking uncertainties for two of the eight transearth trajectories studied.

Using Transearth trajectory Case Z (January 27, 1968 launch, 30 de-

gree return inclination and 75 hour flight time), uncertainties at reentry as

a result of Group II radar tracking with range, Group Ill radar tracking with

range, Group II radar tracking without range, on-board optical tracking and

Group II radar tracking without range combined with on-board optical tracking

are presented in the form of covariance matrices at three pertinent times

along the trajectory--first midcourse correction location, second midcourse

correction location and third midcourse correction location.

Using transearth trajectory Case 6 (February 3, 1968 launch, 30 degree

return inclination and 60 hour flight time), uncertainties at reentry after

simulating the midcourse maneuvers are presented for Group II tracking

with range, Group II tracking without range, on-board optical tracking, and

Group II tracking without range combined with on-board optical tracking.

The data at each midcourse correction location represent the uncertainties

before the correction is applied.

For each case, the covariance matrices of tracking uncertainties are

.... presented for the accumulated tracking data up to each of the three mid-

:;_ .__....Course correction locations referenced to inertial equatorial Cartesian coor-

dinates and in the polar reentry coordinate system defined in Section 5.5o 1

and illustrated in Figure 5.5-I. A key to the elements of the matrices is

• included.
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POLAR REENTRY COORDINATES

Covariance Matrices (units are degrees, feet per second, seconds)

2

art artk art_ artV art_ artA

2

arkt ark ark_ arkV ark_ arkA

2

arSt ar@k ar@ m@V ar_ ar_A

2

arVt arVk arV_b arV arV_ arVA

2
ar ar aro_ ar ar o"_t _V _AP?

2

arAt arAk arA_b arAV arA_ arA

Correlation Matrices (units are degrees, feet per second, seconds)

art Pt_ Ptk PtV Pt_ PtA

P_t ar_ P@k PCV P_ P_A

Pkt Pk_ ark PXV Pk_ PkA

Pvt PV_ PVk PV PV_ PVA

P _t P_ P_k P_V c 13 P(3A

PAt PA_b PAk PAV PAp _A
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CARTESIAN COORDINATES

Covariance Matrices (units are feet, feet per second)

Z

_X CXY =XZ _XX _XY

Z

eYE _Y _YZ _YX _YY

2

_ZX _ZY _Z _ZX _ZY

Z
_XX _XY _XZ _X _XY

g
_x _Y _z _ _

_£x _y _z _ _

_x_.

_yT.

g

Correlation Matrices (units are feet, feet per second)

_X PXY Pxz PXI_ PXS_ PXT.

PYX Cry PYZ PYX PYY PyT.

PZX PZY Crz PZ)C PZS) PZZ

PXX PXY PXZ _X PXY Px7.

PS_X PS_Y PS_Z PS}IK _5_ P5_7.

P7.x PT,Y PT.z P7.X PT,y _Z
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